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Abstract 

The complete renormalization of the weak Lagrangian to chiral order q 2 in heavy baryon 
chiral perturbation theory is performed using heat kernel techniques. The results are com- 
pared with divergences appearing in the calculation of Feynman graphs for the nonleptonic 
hyperon decay A — ► pir~ and an estimate for the size of the counterterm contributions to 
the s-wave amplitudes in nonleptonic hyperon decays is given. 
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1 Introduction 



Weak decays of hyperons have been examined using effective field theory methods for more than 
three decades fl[], but still a number of mysteries exist. The matrix elements of nonleptonic 
hyperon decays, e.g., can be described in terms of two amplitudes — the parity- violating s-wave 
and the parity-conserving p-wave. Chiral perturbation theory provides a framework whereby 
these amplitudes can be expanded in terms of small four-momenta and the current masses m q 
of the light quarks, q = u,d, s. At lowest order in this expansion the amplitudes are expressed 
in terms of two unknown coupling constants, so-called low-energy constants (LECs). However, 
there is no consensus for the determination of these two weak parameters. If one employs values 
which provide a good fit for the s-waves, one obtains a poor description of the p-waves. On 
the other hand, a good p-wave representation yields a poor s-wave fit. In order to overcome 
this problem, one must go beyond leading order. In Refs. (^, ||, a first attempt was made in 
calculating the leading chiral corrections to such decays. But the inability to fit s- and p-waves 
simultaneously remains even after including the lowest nonanalytic contributions. In a recent 
paper H a calculation was performed which included all terms at one-loop order. An exact fit to 
the data was possible but not unique, and other model-dependent assumptions had to be made 
in order to estimate the LECs. Another intriguing possibility was examined by Le Yaouanc et 
al., who asserted that a reasonable fit for both s- and p-waves can be provided by appending pole 
contributions from SU(6) (70, 1~) states to the s-waves |J. Their calculations were performed in 
a simple quark model and appear to be able to provide a resolution of the s- and p-wave dilemma. 
The validity of this approach has been confirmed within the framework of chiral perturbation 
theory, but only after contributions from the lowest lying l/2 + baryon octet resonant states were 
also taken into account ||. 

Another topic of interest are the radiative hyperon decays: S + — > pj, A — > nj, etc. Here, 
the primary problem has been and remains to understand the size of the asymmetry parameter 
in polarized S + — > pj decay: a 7 = —0.76 ± 0.08 0. The difficulty here is associated with 
the restrictions posed by Hara's theorem, which requires the vanishing of this asymmetry in the 
U-spin symmetric limit 0. Of course, in the real world, U-spin is broken and one should not 
be surprised to find a nonzero value for the asymmetry — what is difficult to understand is 
its size. Recent work involving the calculation of chiral loops has also not lead to a resolution, 
although slightly larger asymmetries can be accomodated ||. Within that work it was claimed, 
that in order to obtain a better understanding for the decays one should account for all terms 
at one-loop order, i.e., including all counterterms, not just the leading log corrections. For a 
different approach including explicitly baryon resonances which leads to improved agreement 
with experimental data from radiative hyperon decays see Refs. |T0| , |TT|| . This might indicate 



that weak hyperon decays cannot be described appropriately without the inclusion of baryon 
resonances. We will not elaborate on this possiblity in the present investigation. Rather, one 
of the main purposes of our paper is to estimate the size of higher order counterterms which 
might shed some light in the understanding of the origin of the discrepancy between theory and 
experiment when baryon resonances are not taken into account. 
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At one-loop order, divergences appear and are absorbed by infinite LECs from counterterms 
of the same chiral order. The renormalized low-energy constants are scale-dependent and mea- 
surable, i.e., they can in principle be determined from a fit to some observables. They satisfy 
renormalization group equations under scale changes and, therefore, the choice of another scale 
leads to modified values of the renormalized LECs. The divergences of the generating functional 
determine the renormalization group equations and the behavior of the renormalized LECs under 
scale changes. The sum of the irreducible one-loop functional and the counterterm functional is, 
of course, finite and scale-independent. Some of these divergences were treated in Ref. j|, which, 
to our knowledge, is the only work in the weak baryonic sector that performed renormalization 
explicitly. Obviously, only a subset of the leading divergences were treated in that work. It is our 
aim to work out all leading divergences in the generating functional of the weak baryon-meson 
Lagrangian, thus extending the work of Miiller and Meifiner ]T^] in the strong sector, using two 
different techniques and to discuss a few applications. The complete divergence structure might 
be used as a check in future calculations. 

In the next section we present the weak Lagrangian at lowest order. The generating functional 
to one-loop order is worked out in Sec. 3. The divergent parts of the irreducible tadpole, self- 
energy and the so-called eye-graph are isolated by using heat kernel techniques. Sec. 4 contains 
a sample calculation of the divergent pieces of the diagrams for the nonleptonic hyperon decay 
A — > pn~ . The divergent pieces of these diagrams are compared with the results from the heat 
kernel technique. In Sec. 5 we give an estimate for some counterterm contributions to the s- 
wave amplitudes in nonleptonic hyperon decays and we summarize our findings in Sec. 6. In the 
Appendix we extend the recently proposed super heat kernel technique to the weak effective 
Lagrangian. 

2 Effective Lagrangian 

We perform our calculations using the lowest order effective Lagrangian within the heavy baryon 
formalism. To this end, one writes down the most general relativistic Lagrangian which is 
invariant under chiral and CPS transformations. Imposing invariance of the Lagrangian under 
the transformation S, which interchanges down and strange quarks in the Lagrangian, one can 
further reduce the number of counterterms. We will work in the CP limit so that all LECs are 
real. This Lagrangian is then reduced to the heavy fermion limit by the use of path integral 
methods, which deliver the relativistic corrections as 1/m terms in higher orders. The baryons 
are described by a four- velocity t> M and a consistent chiral counting scheme emerges, i.e., a one- 
to-one correspondence between the Goldstone boson loops and the expansion in small momenta 
and quark masses. However, we will not present the relativistic Lagrangian explicitly here, but 
rather quote only the form of the heavy baryon limit. 

The pseudoscalar Goldstone fields (0 = tt, K, 77) are collected in the 3x3 unimodular, unitary 
matrix U(x), 

U{4>) = u\<P) = exp{2z0/F o } (1) 
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with Fq being the pseudoscalar decay constant (in the chiral limit), and 
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Under SU(3) L xSU(3) fl , U(x) transforms as U -> U' = LUR\ with L, R e SU(3) LjjR . The matrix 
denotes the baryon octet, 
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(3) 



which under SU(3)l x SU(3)r transforms as any matter field, 

B ^ B' = KBK* , 



(4) 



with X(C/, L, i?) the compensator field representing an element of the conserved subgroup SU(3)y. 
At the order we are working, the effective Lagrangian has the form 



-eff 



(5) 



where is the usual (strong and electromagnetic) mesonic Lagrangian, see, e.g., Ref. |13" 
For the strong meson-baryon Lagrangian C^b one writes 



C 



(i) 



i < B[v ■ V, B] > +D < BS^u", B}>+F < BS^, B] > 



(6) 



with 2S M = vy^a^ v v y denoting the Pauli-Lubanski spin vector, < ... > is defined as the trace 
in flavor space and the superscript denotes the chiral order. At lowest order the meson-baryon 
Lagrangian contains two axial-vector couplings, denoted by D and F. The covariant derivative 
of the baryons is decomposed as 



\y ll ,B] = d lt B + \r ll ,B) 



(7) 



with being the so-called chiral connection 



r, 



i 



The external fields t^, a M appear in the combinations r M = v M + a M and Z M = — a M . The meson 
fields are summarized in the quantity 
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u, 



(9) 



We will also need the expression x+ — 4B J\A + 0((p 2 ) with M. = diag(m u , m^, m s ) being the 
quark mass matrix and Bq = — (Q\qq\0)/Fo the order parameter of the spontaneous symmetry 
violation. 

Having dealt with its strong counterpart, the weak meson-baryon Lagrangian C^ B at lowest 
order is 

Cj B {0) = d < B{h + , B}>+f < B[h + , B] > . (10) 

Here, we have defined 

h+ — it' hu + u*h'u, (11) 
with h% = 5%5% being the weak transition matrix. Note that h + transforms as a matter field. 

3 Renormalization of the weak one-loop generating func- 
tional using standard heat kernel techniques 

In this section, we turn to the calculation of the complete one-loop generating functional in SU(3) 
heavy baryon chiral perturbation theory, i.e., to order q 3 for the strong interaction and to order q 2 
for the weak sector in the small momentum expansion. This extends the renormalization of the 
strong interacting functional |T2] to the weak interaction. The method used in this section was 



first proposed by Ecker jnj in the two flavor case. We will focus our calculation on applications 
that are of physical interest, so we neglect weak hyperon decays into two or more pions. Radiative 
and nonleptonic hyperon decays are of specific interest. 

For the calculation it is useful to write the fields in terms of the physical basis, e.g., B = B a X a 
with < A at A 6 >= 5 ab . We can then write the meson-baryon interaction in the form 

S^b = J d 4 xB a (A^ T + At)B h (12) 
with the strong and weak interaction pieces A^ T and Afy, respectively. Following Refs. [O and 



14| one has to expand 

£4, +£<p - R a [^i),str + ^oW]" 1 Rb ( 13 ) 
in the functional integral around the classical solution, u c \ = u c \[j], which is obtained by the 
variation 5 J d 4 xC^/5U at lowest order. Here, j collectively denotes the external fields v^a^ 
and the quark mass matrix Ai. The baryon source fields have also been decomposed into a 
light component, denoted by R, and a heavy component where the heavy components are not 
needed for a consistent renormalization and will therefore be omitted. One thus cirrivGS £tt ci set 
of irreducible and reducible diagrams. From Eq. ([13]) we immediately derive 

4 2) + 4 4) - R a [A^]- 1 R b + R a [A^r 1 [A$ )>w ] [Af^)- 1 } R b > (14) 

where the first baryon term leads to the well known tadpole, self-energy contributions and the 
last baryon term is the new eye-graph part with a weak insertion on the intermediate baryon 
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line. This problem was solved in Refs. |15[ and |]T6| for the strong interaction with one insertion 
from the second order Lagrangian. As in the mesonic sector, we choose the fluctuation variables 
£ in a symmetric form [|T3]], 

£ R = u c i exp{i£/2} , £ L = u f cl exp{-z£/2} , (15) 

with £' = £ traceless 3x3 matrices. Consequently, we also have 

Z7 = ltd exp{z£}u d . (16) 

At second order in £, the covariant derivative V^, the chiral connection r M , the axial-vector 
and /i + take the form 

u» = <-[v^,£] + ^[£,[<,£]]+o(a 

h + = hi+ l -[ht^] + l^[ht^ + +0(e) ■ (17) 

Inserting this into the expression for A ab and retaining only the terms up to and including order 
£ 2 gives 

^(i, 8tr = A^% i + t l <X^[[v-u cl ^]A b ]>-D/F<X a H[S-W ch ^X b )±> 

+ I < A a t v c i £, A fe ] > +±£>/F < A*t ( [£, [5 • u ch £] ], A b ) ± > +0(£ 3 ), 
= ^ + ^ <A at [^e],A fe ]>+^//<A a t([£ ! [^,£]],A f ') ± >+0(a ,(18) 
where we have introduced the compact notation 

D/F(\ a , \ b )± = D{\ a , \ b } + F[X a , A 6 ]. (19) 
The corresponding generating functional reads 

Z iTT [j,R a ,R e ) = Jd 4 xd 4 x'd A yd A y'R a (x)S^ tr (x,y) 

\yel</' V ) J ^(l) |St r\ 



x [ E&(y, y') 5(y - y') + £ s c f lf (y, y') + Z?(y, y') } S%*(y', x') R\x') 



(20) 

in terms of the tadpole, self-energy and eye-graph functionals. Here, S?{\ str is the full classical 
fermion propagator with the weak interactions turned off. The functionals are given by 
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sr^ab t /-ac /~i r \cd.cl i — \-,^db \ /-ac /~i qcd,cl j/db 

^self — t?2 V i ^ij K^lVstrJ V j — t?2 V i °(l),str V j 

r r 
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o 

sr^ab _ n \ Ace,cl 1 r *ef,cl i r A fd,cl i^-liJ 

^eye ~ ~E2 V i L^flistrJ K^O),^ K^lVstrJ V j 
r 



^{D/FKX^dXh, [S-u d 1 Xh}],X b ) ± > Gij 
+d/f< A at ([A^, [/i + ,A J G ]],A b ) ± > 

+i < X a ^[X G (G tJ v d jk -v ■ d %J G ]k )X k G , X b ] >} (21) 



with the following definitions of the vertices 

yah = yah , y-at, yafc = ya6(l) yo6(2) 

« «,str 1 «,Vv ' i,str 2,str 1 ' i,str 



5? = ^<\ a H[v-u° l ,xh),x b )> , v^ = -^ r <x«Hx> G s.d 3l A b \ 



V& = ^<\ a H\htX ] G ]A b )±> (22) 

where i, j, k,a,b,c = 1, . . . , 8 and A^ denote Gell-Mann's SU(3) matrices, which are related to 
the ones in the physical basis by A p = (X G + iX G )/2, X n = (X G + iX G )/2, etc. The quantity G t j 
is the full meson propagator 



= (d^ gP 5 v -\- a 1 - 1 ) (23) 



with 



1 1 



dtj = dij &* + , dij= Sij -J-j , 
1% = -l<^h^h}> , 

^ = l<[<Ah][^<]+X + {\hAh}> ■ (24) 

Note that the differential operator d^ is related to the covariant derivative and it acts on the 
meson propagator Gy. The connection 7 M defines a field strength tensor, 

lixu = d v 7^ - df, 7 V + [7 M , 7„] , (25) 

where we have omitted the flavor indices. We are now in a position to derive the divergences of 
the one-loop generating functional for weak and strong interaction after contracting trace indices 
in flavor space. In the heat kernel representation, the divergences appear as simple poles in 
e = 4 — d. The beta functions of the strong interacting functional are given in Ref. 0] and 
the new divergent contribution of the weak interaction can be cast in the form (rotated back to 
Minkowski space) 



SabAiv i \ 1 
weak \y, y) 



(4ttF ) 2 6 



t&(y,y)+ £2f(l/,l/)+ *&(!/>!/) 



(26) 
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where Ti ab (y,y) are finite monomials in the fields of chiral dimension two. Let us start with the 
tadpole contribution which is given by 



S&(y,y) = -\d/f[-\<\ a H{K,x + }A b )±> 

- <\^{h+,\ b ) ± ><x+>)-\d < \ a] \ b ><h +x+ > . 



(27) 



Notice that we have neglected terms of order u 2 which contain at least two external pions, since 
they do not contribute to nonleptonic and radiative hyperon decays. The self-energy contribution 
is given by 



s£f(y,y) 



+ 



6(Df + Fd) < A at {[h + , S^T^v"], A 6 } > 
^ Dd + 6F/ ) < A «t [[h+i ST^v"], A 6 ] > 



+ -f< \ at {v ■ u, {h + , [iv • V, A 6 ]}} > + h.c. 

+ lf<\ at [v-u,[h + ,[tvV,\ b ]]]> + h.c. 

+ -d < \ a1 {v ■ u, [h+, [iv ■ V, A 6 ]]} > + h.c. 

+ -d < X a ^[v ■ u, {h+, [iv ■ V, A 6 ]}] > + h.c. 

+ 3d< \ a] {[h+,[iv V,v-u\], A 6 } > +3d< X a ^{[[iv V,h+],vu], A 6 } > 

+ 3/ < \ aj [[h + ,[iv V,v-u]}, \ b ] > +3f < \ a *[[[ivV,h+],vu],\ b ] > 

+ 4/ < X a ^[iv ■ V,A 6 ] >< vuh+ > + h.c. 

+ 4/ < A at /i+ >< v ■ u [iv ■ V, A 6 ] > + h.c. . (28) 

Here, V ^ u denotes the field strength tensor of the fields T M . The last contribution stems from the 
eye-graph and takes the form 



^ e (y,y) = [S^S^(-A(D 2 + F 2 )f-8DFd)<\ a '\ b ><h + T, u > 
+ Af{D 2 -F 2 ) < A at /i+ >< T^\ b > + h.c. 



+ 
+ 
+ 
+ 
+ 



3DFd - -f(D 2 + F 2 )) < A°t {IV {h+, A 6 }} > + h.c. 
- l -DFd + ^f(D 2 + F 2 )) < A at [T, u [h + , X b ]] > + h.c. 
3DFf - ^d(D 2 + F 2 )) < A at {r> [h + , \ b ]} > + h.c. 

~f DFf + \ d{D2 + P2)) < rt [ ^ X " }] > + } 
6D 2 d - 18F 2 d + 36DFJ) < [A at , v V]{h+, [v ■ V, A 6 ]} > 
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+ (-10D 2 / - 18F 2 / + 20DFd) < [X a \v V] [h+, [v • V, A 6 ]] > 
+ {-2D 2 d + 6F 2 d - 12DFf) < A at {[v ■ V, [v ■ V, h + }}, A 6 } > 

+ (fD 2 f + QF 2 f - fDFd) < A fl t [[„ . V, [v ■ V, h + \], X b ] > 

- ^{( ™D 2 d + AF 2 d - SDFf) < A at {h + , A 6 } >< X+ > 
68 

+ ( -D 2 f + AF 2 f - 8DFd) < A at [h + , X b ] >< X+ > 

+ {8{D 2 + F 2 )d + 8DFf) < A at A 6 >< h +X + > 

+ (— D 2 d - 8F 2 d) < A at h+ >< x+ A 6 > + h.c. 
9 

23 

+ ( D 2 d - 6DFf + 3F 2 d) < A at { X + {h+, A 6 }} > + h.c. 

3 

+ (SD 2 d + \DFJ - 3F 2 d) < A at [x+ [h+, A 6 ]] > + h.c. 

+ (- 7 -D 2 f - 2 -DFd + 3F 2 /) < A at { X+ [h + , X b }}> + h.c. 

+ (-3D 2 f + ^DFd - 3F 2 f) < A fl t [ x+ A 6 }] > + h.c. } 

+ (-— D 3 d - 12D 2 Ff - \2DF 2 d - AF 3 f) < A at [iv -V,X b ]xS-uh + > + h.c. 
9 

+ (-AD 3 d + AD 2 Ff + ADF 2 d - AF 3 f) < A at h+ >< S ■ u [iv ■ V, A 6 ] > + h.c. 
+ {3D 3 d + 3D 2 Ff + 3DF 2 d - 3F 3 f) < A at {h+, {S ■ u[iv ■ V, A 6 ]}} > + h.c. 

+ (\D 3 d + 5D 2 Ff + ^-DF 2 d - 3F 3 f) < A at [h+, [S ■ u[iv ■ V, A 6 ]]] > + h.c. 

+ (--D 3 f + D 2 Fd + 3DF 2 f - 3F 3 d) < A at {h+, [S ■ u[iv ■ V, A 6 ]]} > + h.c. 
3 

+ {-D 3 f - -D 2 Fd + 3DF 2 f - 3F 3 d) < A at [h + , {S ■ u[iv ■ V, A 6 ]}] > + h.c. 
3 

2 26 

+ (-D 3 f - —D 2 Fd - 2DF 2 f + 2F 3 d) < A at {[[iv ■ V, 5 • u] , A 6 } > 
9 9 

+ {^D 3 d - 2D 2 Ff + ^-DF 2 d + 2F 3 f) < A at [[[iv ■ V, h+], S ■ u] , A 6 ] > 

3 9 

2 26 

+ (—-D 3 f + —D 2 Fd + 2DF 2 f - 2F 3 d) < A at {[h+, [iv ■ V, S ■ u}} , \ b } > 
9 9 

2 22 

+ ( — D 3 d + 2D 2 Ff + — DF 2 d-2F 3 f) < A at [[/*+, [iv ■ V, S • w]] , A 6 ] > . (29) 

3 9 

It is now straightforward to pin down the full weak counterterm Lagrangian at order q 2 . We also 
use the curvature relation for 

T^ = \K,u u }- l -F+ u (30) 
9 



where = uFhjid + u^F^u with F^J R being the field strength tensors related to the external 
fields 1^ and r M , respectively. The generating functional can be renormalized by introducing the 
counterterm Lagrangian for the strong interaction W2 



C %(x) = J2 d iB a (x)0? b s MB b (x) (31) 

where the di are dimensionless coupling constants and the field monomials 01 b stT (x) are of order 
q 3 and by introducing for the weak interaction the counterterm Lagrangian 

C% W (x) = jv^rr, E hi Of w (x) B\x) (32) 

where the hi are dimensionless coupling constants and the field monomials Of' w {x) are of order 
q 2 . The low-energy constants are decomposed into 

d t = <(/i) + (4 7 r) 2 AL( yU ) 

hi = ^(/i) + (4vr) 2 A^(/u) , (33) 
with ji being the scale introduced in dimensional regularization and 

L ^ = -&(ih- l 2 iio ^ )+i --> :] y < 34) 

where 7 = 0.5772215... is the Euler-Mascheroni constant. The $ are dimensionless functions 
of F, D and /, d constructed such that they cancel the divergences of the one-loop functional. 
The renormalized LECs (^[(/-O) are measurable quantities. They satisfy the renormaliza- 

tion group equations and therefore, the choice of another scale leads to modified values of the 
renormalized LECs. We remark that the scale-dependence in the counterterm Lagrangian is, 
of course, balanced by the scale-dependence of the renormalized finite one-loop functional for 
observable quantities. 

The next two sections are devoted to the application of the formulae derived in the present 
investigation. First, we will show how the divergences can be used to check results obtained 
from the ordinary computation of Feynman diagrams. Second, the scale-dependence of the 
renormalized LECs as given in Eq. (|33|) can be employed to make an estimate of the size of such 
higher order counterterms. 



4 A sample calculation 

In this section we will discuss the renormalization of the nonleptonic hyperon decay A — > pn~ by 
calculating explicitly the Feynman graphs and comparing them with the results obtained in the 
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previous section. In the rest frame of the heavy baryon, t> M = (1,0,0,0), the decay amplitude 
reduces to the non-relativistic form 



A(Bi -> Bj tt) = u Bj { A\f + S-k A { § }u Bi , (35) 

where k is the outgoing momentum of the pion. Here, A^f is the parity-violating s-wave ampli- 
tude and Aif is the corresponding parity-conserving p-wave term. In this frame, the energy of 
the outgoing pion is 

V ' k = 2m" ~ m ? + M ") ^ 36 ^ 
and the energy of the decaying hyperon in the heavy baryon formulation can be written as 

O 

v ■ p = rrii— m . (37) 

Here, m^- are the physical masses of the baryons and m is the mass of the baryon octet in the 
chiral limit. Since the baryon masses are analytic to linear order in the quark masses we see 
that v ■ p and v ■ k count effectively as order 0(q 2 ). We will therefore restrict ourselves to the 
computation of the one-loop divergences to this decay which are proportional to the quark mass 
matrix and do not contain the momenta of the external particles. In our example we present only 
the renormalization of the weak vertices. The divergent structure of the purely strong baryonic 
Lagrangian which also contributes to this decay is already given in Ref. ]12| . 



We start by renormalizing the p-wave amplitude. There are four Feynman graphs contributing 
to the p-wave and containing mass-dependent divergences (see Fig. 1). For the renormalization 
procedure it is sufficient to consider only the irreducible tadpole from Figures la and lb and 
the irreducible eye-graph from Figs, lc and Id by neglecting the parts from the internal baryon 
propagator and the strong vertex. The contributions P a and P b of the irreducible tadpole in 
Figures la and lb to the decay then read 



P a = -^(d-f)L^){3M 2 n + QM 2 K + 3M 2 ] 
P b = -^^(d + 3f)L^)(3M 2 + QM 2 K + 3M 2 ). (38) 
The divergent pieces can be recovered by using the results from the previous section. Employing 



the counterterms from Eq. ( P7|) and using the Gell-Mann-Okubo relation for the pseudoscalar 
mesons, AM\ = 3M 2 + M 2 , which is consistent to the order we are working, cancels the diver- 
gences from the calculation of the one-loop graphs. Note that the last term in Eq. (|27| ) does not 
contribute here, since (h + x+) = 0. 

The mass-dependent divergences from diagrams lc and Id read after neglecting the internal 
baryon propagator and the strong vertex 



F 



2 10 
2-L(/i) ( Ml - -D 2 d - 8DFf + 6F 2 d D 2 f + ADFd - 6F 2 f 

3 3 



ii 



+M 2 K \ - -D 2 d - lODFf + 3F 2 d - -D 2 f + 6DFd - 3F 2 f] ) 
3 3 / 



P d = -^o-L(n) M 2 —D 2 d - 2DFf - -D 2 f + -DFd 



9 " 3 " 3 

+M| [ - ^D 2 d + 5DF f - 3 -F 2 d ~\D 2 f + ^DFd - \f 2 f] ) . (39) 



The divergent pieces are in agreement with the mass-dependent divergences in Eq. (|29|). 

The renormalization of the s-wave is somewhat more subtle. In this case it turns out that in 
addition to the simple irreducible tadpole diagram in Fig. 2a contributing to the s-wave there 
are three more diagrams (2b,c,d) which lead to the same divergent structure. The pertinent 
divergent contributions which are proportional to the quark mass matrix for Fig. 2a read 



S a = (d + 3f)L(fi) (5M 2 + 16M| + 9M 5 

and for Figures 2c and 2d 



(40) 



S c + S d = (d + 3f)L(ji) [2M 2 + M 2 K ) . (41) 

The sum of graphs 2a, 2c and 2d leads to a divergence structure different than that obtained 
from the tadpole occuring in the p-wave. Agreement between s- and p-waves is only achieved 
if one includes the Z-factor of the pion which is divergent and, therefore, contributes to the 
divergences for nonleptonic hyperon decay. This was not treated correctly in Ref. Q. From an 
explicit calculation of the pion Z-factor including the mesonic Lagrangian of fourth chiral order 
d£ one obtains 

Z v = —^L(fi)l(2M 2 + Ml) + finite term (42) 
which is multiplied by the pertinent tree level contribution to the decays 

' (d+Sf). (43) 



2VSF ( 

Expanding h + in Eq. (|27|) in terms of the meson fields 



h + = h-^,h} + 0^ 2 ,rf) (44) 

the term which is linear in the meson fields reproduces the divergences of the one-loop contri- 
butions to the s-wave discussed above. Note that the pseudoscalar decay constant in the chiral 
limit F is finite and does not lead to additional divergences. 
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Finally, Fig. 2e leads to the divergences 



S ( 



F 3 



L(fi)[M 2 \—D 2 d-2DFf 



9 



4 4 
-D f + -DFd 

3 J 3 



— D 2 d + 5DFf - -F 2 d - -D 2 f + —DFd - -F 2 f 
18 2 6 3 2 ■ 



This result agrees with the mass dependent divergences in Eq 



(45) 



5 Importance of counterterms 

Finally, we would like to address the issue of the importance of higher order counterterms for 
nonleptonic hyperon decays. There exist seven such transitions: S + — > n tt + , S + — > pir , £~ — > 
n7T~ , A — > p7r _ , A — > n7r°, S _ — > A7r~, andS — > A7r°. Isospin symmetry of the strong 
interactions implies the relations 

A(A ->pO + V2A(A ^nn°) = 
A{E~ -> AO + ^.4(2° -> Avr ) = 

^^(2+ ^ptt°) + *4(£~ -> nO -„4(£+ -> n7r + ) = (46) 

which hold both for s- and p- waves. We choose S + — > nn + , £~ — > n7r~ , A — > j>7r~ , andH~ — > 
A 7r~ to be the four independent decay amplitudes which are not related by isospin. As mentioned 
in the introduction, both a good s- and p-wave fit cannot be achieved just by taking the lowest 
order couplings d, f and chiral corrections into account. This suggests that one has to consider 
higher order counterterms, but there are so many of them that they cannot be determined 
uniquely M. However, as we will show in this section the divergent structure of the one-loop 
functional can be used to give an estimate of the size of these counterterm contributions. In 
order to keep the presentation more compact, we restrict ourselves to the case of the s- waves. 
Neglecting divergences which are proportional to v ■ k and v ■ q (see last section) the possible 
counterterms are linear in X+ an d read 

Cj B (2M) = h 1 {tr(B{h + ,{ X+ ,B}})+tr(B{ X+ ,{h + ,B}} 

+ h 2 {ti(B[h+,\x+,B]]) +tr(B\x+,[h+,B]] 

+ fc 3 {tr(S[/i + , { x+ , B}}) + tr(B{ X+ , [h+, B}}) } 

+ /i 4 {tr(fi{/i+, [ X+ , B}}) + tr(5[x+, {h+, B}] 

+ h s {ti(Bh + )tT(x+B) +tr(B X+ )tr(h + B)} 

+ h 6 tT(B[h + ,B])tr( X+ )+h 7 tr(B{h + ,B]})ti( X+ ). (47) 
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Note that we did not make any use of Cayley-Hamilton identities in order to have the same set of 
counterterms as in Eqs. (p7|) and (^). After renormalization of the mass-dependent divergences 
the contributions of these counterterms read 

41 = o 

41 = ^(Ml\h\-K 2 -^3 + ^-^6 + ^7] 
+M 2 K [h\ + h r 2 -h'-hl-hl + h; 



7 

4] = ^(M*[3hl-3h r 2 + h r 3 -hl + 2hl-~h r 6 - l -hr 7 \ 
+M 2 K [-hh\ + 3h r 2 - 7h r 3 + h r 4 - 2h\ - 3h r 6 - h r 7 
41 = ^(M 2 n [3hl-3hl-hl + hl + 2hl + hl-h;] 

+M 2 K [-hh\ + 3h T 2 + 7h T 3 -h\- 2h r 5 + 3h r 6 - h r 7 ]) (48) 

where we have not shown explicitly the scale-dependence of the hi- At the order we are working, 
we replace F by the pion decay constant F n = 92.4 MeV since the differences between the 
two show up at higher orders only. The dependence on a chosen scale fi\ of these counterterm 
contributions is, of course, compensated by the scale-dependence of the renormalized finite one- 
loop functional for observable quantities. The choice of another scale /i 2 leads to modified values 
of the renormalized LECs according to the equation 

^(/i 2 )=/^i)+Al°g-- (49) 

Varying the scale from the p-meson mass M p = 770 MeV to the A mass Ma = 1232 MeV one 
obtains the following differences in the counterterm contributions for the s-waves, in units of 
10- 7 , 

41>p) - 410"a) = -0.77 (4.27) 

4>p)-4^a) = 0.60 (3.25) 
4 s 2 A (/i p )-4 s 2 A (M) = 1-94 (-4.51) (50) 

which is about 19% for S~ — ► n tt~ , A — > p7i~ and even 43% for 5~ — > Att~; the experimental 
values for the decays being given in brackets. There are no contributions at one-loop order for the 
decay E + — ► n tt + [|J, neither from the counterterms nor from the chiral loops; we have therefore 
omitted its presentation here. Assuming that the differences of these counterterm contributions 
for different realistic choices of the scale give an estimate of their absolute value 5A^ S \ we obtain, 
in units of 10~ 7 



*41i 


= 0.77 




= 0.60 




= 1.94 



(51) 
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While the counterterm contributions to the s-waves seem to be well behaved for £ — > n tx and 
A — > pn~, our calculation indicates that they might be significant for H~ — > An~. 

6 Summary 

In this paper, we have performed the chiral invariant renormalization of the weak effective baryon- 
meson Lagrangian up to one-loop order within heavy baryon chiral perturbation theory. The 
complete set of counterterms at leading one-loop order q 2 with q being an external momentum or 
meson mass has been constructed. This extends work by Miiller and MeiBner |12[ , who considered 
the strong SU(3) baryon-meson Lagrangian. The present calculation has been performed both 
using the standard heat kernel formalism and the recently proposed super heat kernel method 
which has the advantage of simplifying the calculation in intermediate steps. We also compared 
our results with a direct calculation of the Feynman graphs for the nonleptonic hyperon decay 
A — > pn~ . It turns out that the divergences contained in the Z-factor of the pion are essential 
for achieving agreement between the renormalization of s- and p-wave amplitudes. Since, to our 
knowledge, there exists only one calculation in the weak baryon-meson sector where some of the 
divergences at order 0(q 2 ) have been evaluated ||], our work might serve as a reference to check 
further calculations in the future. 

The low-energy constants of higher order counterterms contain, in general, divergent pieces 
which cancel the divergences from one-loop graphs. The finite remainder of the counterterms is 
scale-dependent and compensates the scale-dependence of the one-loop functional to give scale 
independent expressions for physical quantities. For radiative and nonleptonic hyperon decays 
there exist more counterterms than there are experimental data [||, [|, so that the counterterms 
cannot be determined uniquely from experiment. Nevertheless, the scale-dependence of the finite 
remainder of the LECs after renormalization can be used to give an estimate of the size of the 
counterterm contributions. Since the divergent structure of the one-loop functional determines 
the scale-dependence of the renormalized LECs, we are able to give such estimates and as an 
example we have chosen the contributions of the counterterms linear in the quark mass matrix M. 
to the s-waves of the independent nonleptonic hyperon decays that are not related by isospin. We 
find that for the s-waves the contributions from these counterterms relatively to the experimental 
values range from 19% for £~ — > nn^ and A — > pn~ up to 43% for the decay H~ — ► An~ . 
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Appendix: Renormalization using the super heat kernel 
formalism 



We provide an alternative renormalization prescription by using the super heat kernel formalism 
as proposed by Ecker, Gasser, and Neufeld [17|. This formalism has already been applied to the 
effective two- and three-flavor Lagrangian in Refs. JTBI and [O], respectively, where it served 



as a check for previous work |L2|, [T4|. We use this approach to calculate the divergences of the 
weak effective Lagrangian. This method allows us to verify our previous calculation presented 
in Sec. 3. 

The fluctuation action generated by the lowest order meson-baryon Lagrangian has the general 
form 

S m = ~?{D^ + Y)£ + rj(a + + e(5 - Jp»)T) + rjiv^V.rj , 

where ip(t]) are the bosonic (fermionic) fluctuations and 



(52) 



5 = a 
• 2 - 1 



+ , 



(53) 



v = i , v • (5 = . 

X M , Y, and f ^ are bosonic (matrix) fields, whereas a and (3^ are fermionic objects. The form of 



5 in Eq. (|53| ) is required by the reality of Eq. ([52]). Apart from the condition v ■ (3 = no further 
assumption about the terms entering in Eq. ([52]) is made. To be specific, in HBCHPT we find: 



Y 
fn 

rab,str 
J fi 

rab,W 
J fj, 

a ai 



1^ + 9^, (g^Y 



<B[[X^X^B]> 



*,3 



cr + s , 
D/F 



4F 2 

/f + f7 



<B([Xh,[S-u,\U),B)±> 



d/£ 
4F 2 



<B ([Xl,[S-u,Xh]],B) ± >, 



< A at [r M , X b ] > -ivp/F < \ a \S ■ u, A b )± > , 



°t/ 



iv„d/f <A at (/i+,A b ) ± > ,a 



< X^liv • it, Ay, B] > +— < X a '[[h + , Ay, B\ > 



4F 
D/F 



2F n 



S, <X a \Xh,B) ± > 



(54) 



with the definitions of Section 3. 

Details of super heat kernel calculation in SU(3) can be found in Ref. |19|]. We only use the final 
result to calculate the structure of the divergences. Using these definitions we easily derive from 
the following formula the pertinent beta functions and the counterterms 



W. 



div |_ 

L=ilr...r 



487r 2 (d-4) 



J d 4 x tr {-12 av ■ Va + 6 [a/^X^ + p^aX^v, 
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-3 [p ■ (5v ■ VY + 2[3^v ■ V/3")y] - 4^(w • V) 3 /^ + /3 • pV^X^v^ 

+6 • VA,)X^ + w • VX^ + 2 P^^X^v,,} . (55) 

where X Miy is the field strength tensor of the fields X^ . This result can be used since the 
weak interaction has a relatively simple structure and does not contain any divergences which 
act on the bosonic or fermionic fluctuation variables. The new eye-graph contribution can be 
evaluated by redefining the covariant derivative in the most economic way, i.e., f ^ = /® tr + ff^. 
This shows that the eye-graph without any derivative is immediately obtained in the super heat 
kernel formalism as it is the case in the standard heat kernel method. But the situation changes 
dramatically in the presence of derivatives. So far the result is given in a very compact form, 
and both the beta functions and the corresponding monomials must be evaluated by contracting 
the various trace indices. In the SU(3) case this is the most tedious part of the calculation and 
therefore, we skip the presentation of these technicalities. After a lot of cumbersome algebra one 
ends up with the result presented in the last section. 

References 

[1] See, e.g., J. F. Donoghue, E. Golowich, and B. R. Holstein, " Dynamics of the Standard 
ModeV , Cambridge University Press, New York (1992) and references therein 



[2] 
[3] 
[4] 
[5] 
[6] 
[7] 

[8] 
[9] 
[10] 

[11] 
[12] 



J. Bijnens, H. Sonoda, and M. Wise, Nucl. Phys. B261 (1985) 185 

E. Jenkins, Nucl. Phys. B375 (1992) 561 

B. Borasoy and B. R. Holstein, Eur. Phys. J. C6 (1999) 85 

A. Le Yaouanc, O. Pene, J.-C. Raynal, and L. Oliver, Nucl. Phys. B149 (1979) 321 

B. Borasoy and B. R. Holstein, Phys. Rev. D59 (1999) 094025 

Particle Data Group, C. Caso et al., Review of particle properties, Eur. Phys. J. C3 (1998) 
1 

Y. Hara, Phys. Rev. Lett. 12 (1964) 378 
H. Neufeld, Nucl. Phys. B402 (1993) 166 

M. B. Gavela, A. Le Yaouanc, L. Oliver, O. Pene, J.-C. Raynal, and T. N. Pham, Phys. 
Lett. B101 (1981) 417 

B. Borasoy and B. R. Holstein, Phys. Rev. D59 (1999) 054019 
G. Miiller and Ulf-G. Meifiner, Nucl. Phys. B492 (1997) 379. 



17 



[13] J. Gasser and H. Leutwyler, Nucl. Phys. B250 (1985) 465 
[14] G. Ecker, Phys. Lett. B336 (1994) 508 

[15] Ulf-G. MeiBner, G. Muller, and S. Steininger, Ann. Phys. 279 (2000) 1 

[16] G. Muller, PhD thesis, Universitat Bonn, (1998) 

[17] G. Ecker, J. Gasser, and H. Neufeld, Phys. Lett. B438 (1998) 106 

[18] H. Neufeld, Eur. Phys. J. C7 (1999) 355 

[19] G. Muller and H. Neufeld, in preparation 



18 



Figure captions 



Fig.l Given are the diagrams which contribute to the mass- dependent divergences of the p-wave 
in the nonleptonic hyperon decay A — > pn~ . Solid and dashed lines denote baryons and 
pseudoscalar mesons, respectively. The solid square represents a weak vertex and the solid 
circle denotes a strong vertex. 

Fig. 2 Given are the diagrams which contribute to the mass-dependent divergences of the s-wave 
in the nonleptonic hyperon decay A — > piT~ . Solid and dashed lines denote baryons and 
pseudoscalar mesons, respectively. The solid square represents a weak vertex and the solid 
circle denotes a strong vertex. 
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